Abstract: Volume changes of soil associated with soil moisture changes are caused by the presence of clay minerals from illite and montmorillonite groups. Clay minerals are found in the so-called clay soil component which can be quantified by laboratory analysis of the soil particle-size distribution. Consequently, the potential for volume changes in soil can be assessed from soil texture. In our study, 172 soil samples with different textures were used to measure dependencies between volume changes in soil and changes in soil moisture under laboratory conditions. The samples were collected from 11 sites in the Eastern Slovak Lowland. On the basis of the measurements, 10 mathematical models were created to compute the correlation between volume changes of soil and soil moisture content and texture. The highest accuracy was obtained with the model which assumes the content of particles < 0.002 mm. When comparing the clay particles < 0.001 mm (colloidal clay) with the particles < 0.002 mm (colloidal + physical clay) it was also found that the particles < 0.002 mm have a larger impact on the volume changes of soil than the particles < 0.001. The inclusion of particles > 0.002 mm (silt + sand) into the models resulted in either no or only negligible refinement of the soil volume change calculations.
From the hydrological point of view, heavy to extremely heavy soils have specific properties. They contain a high proportion of the clay component characterized by the ability to change its volume during wetting and drying processes. Volume changes significantly affect transport processes in the soil profile and soil water regime. Expansive soils change the pore structure during wetting and drying processes, which results in varying hydrological conditions of water flow and substance transport (Philip 1969; Kim et al. 1992; Lu et al. 2004) . In fact, the amount of volume change reflects the degree of structural changes occurring in soil. Volume changes of heavy soils can be considerably higher than volume changes of soils with a low clay content or heavy soils with a substantial amount of larger non-clay particles (such as sand or silt). Volume changes as high as 49% can occur in extremely heavy soils (Bronswijk & Evers-Vermeer 1990) . Many scholars have been involved in research and characteristics of soil volume changes. One of the frequently used characteristics is the dependence of volume change on the soil moisture content. The most popular expression of this dependence is the relationship between a moisture dependent variable and a pore volume dependent variable. This relationship is expressed by a curve with four characteristic shrinkage phases: structural, normal, residual and zero shrinkage. Some of these phases may not always be observed, as confirmed by various authors (McGarry & Malafant 1987; Bronswijk 1988; Chertkov 2003; Cornelis et al. 2006; Gregory et al. 2010; Gebhardt et al. 2010;  https://doi.org/10.17221/217/2017-SWR Peng et al. 2007) . Another important indicator of volume changes is the shrinkage geometry factor r s . The shrinkage geometry factor r s divides the volume change of the soil matrix into the horizontal section (contribution of cracks) and the vertical section (soil subsidence). Knowledge of this factor is important for the consideration of water and solute transport in expansive soils (Bronswijk 1988 (Bronswijk , 1989 (Bronswijk , 1990 (Bronswijk , 1991 . The degree of soil shrinkage can be quantified from the change of the original sample length at different soil moisture contents (Schafer & Singer 1976; Parker et. al. 1977; Tall & Gomboš 2013; Estabragh et al. 2015) . Orfánus et al. (2016) reported the effect of volume changes of heavy soils on the mathematical modeling of water content in soil at the field scale, and the simulated values were overvalued compared to the measured ones.
Clay minerals are formed by weathering processes, but also by hydrothermal decomposition of silicate minerals, especially feldspars. From the mineralogical point of view, they are Al -silicates, in which different cations, in particular Ca, Fe, Mg, K and Na, are present in a different quantity. They are often transported as colloidal phases. In nature, they occur in the form of easily disintegrable earthy matter. According to the mutual arrangement of their basic building units (silicon tetrahedron and aluminum octahedron) and the presence of interfacial cations, clay minerals can be classified into four main groups: (i) kaolin group (kaolinite, dickite, nacrite, halloysite, allophane) -the ratio of tetrahedral and octahedral components is 1 : 1 (double layer); (ii) illite (or mica mineral) group -(illite, glauconite, muscovite, biotite) -between two layers of silicon tetrahedra is a layer of aluminum (or potassium) octahedra (2 : 1 layer type); (iii) montmorillonite (or smectite) group (montmorillonite, nontronite, saponite) -triple layer similar to the illite group, but instead of K, occur Ca and Na; (iv) vermiculite group (vermiculite) -they form the same three-layer as the previous, but contain Mg.
The clay minerals are composed of plate-shaped particles ranging from 1 (montmorillonite) to theoretically unlimited number (kaolinite). Individual plates have a very low thickness (0.5-1 nm) and a high specific surface area (15 m 2 /g -kaolinite; 80 m 2 /g -ilite; 800 m 2 /g -montmorillonite). The size of the specific surface of these plates is closely related to the size of the volume changes (Ross 1978) . The larger the specific surface, the greater the ability to swell. The surface of the clay minerals plates carries a negative electrical charge that can attract water molecules. As a result of this phenomenon, the crystals of some clay minerals have the ability to bind in their structure the varying water content. With the increasing water content swelling of such a clay occurs. When dryed, they regain its original volume. The ability of clay minerals to assimilate water into their structure and thus increase their volume is different: (i) kaolin group -is relatively inactive (the low ability to bind the water has only the hallozite); (ii) illite group -has low to moderate swelling ability; (iii) montmorillonite group -very expansiv group (especially montmorillonite).
Under natural conditions, clay minerals never occur in pure form, but they form mixed structures formed by several types of clay but also other minerals. In the literature, the generic term clay, which is often identified with clay minerals, is sometimes used. The term clay is used to designate a material whose particle size is less than 0.002 mm, and also for the predominantly clay minerals (Velde 1995) .
The rate of soil volume changes depends on the type of clay mineral (exchange capacity and binding capacity) and on the content of clay minerals which form the clay component of soil.
This issue was investigated in the area of Eastern Slovak Lowlands (ESL). From a geological point of view, the ESL is composed of neogenic and quaternary sediments. From the small-scale studies on the determination of the type of clay minerals at ESL results that clay minerals of the montmorillonite and partly of the illite group predominate (Shrbená & Lhotský 1976; Čurlík 1977) . The authors of the paper related on the hypothesis that the type of clay minerals does not change over time at ESL. The content of the clay component (without the determination of the type of clay minerals) can be easily quantified by the particle- . In this case, the clay component is constituted by the mixture of colloidal clay (particle size < 0.001 mm) and the so-called physical clay (particle size 0.001-0.002 mm). In this study, another soil texture classification was used along with the USDA classification. It divides soil types according to five grain size fractions (Table 1) . In the past, this classification was commonly used in former Czechoslovakia. It was chosen because of a 0.001 mm limit, which separates colloidal clay from physical clay.
According to the results of electron microscope measurements, the maximum size of clay particles ranges from 90 to 1900 μm (Nadeau 1985) . The above mentioned upper limit of 1900 μm is close to the 0.002 mm (2000 μm) limit, which separates clay from silt in the USDA classification.
The aim of this study is to: (i) mathematically express the course of volumetric changes of soil in relation to moisture and the clay component content, (ii) identify which of the clay fractions (particle size < 0.002 or < 0.001 mm) has a larger impact on these changes, (iii) identify the degree of impact of other soil particle fractions on these changes in soil samples under laboratory measurement conditions.
MATERIAL AND METHODS
Sample collection and preparation. The soil was sampled in ESL, located in the east part of Slovakia. From the viewpoint of soil texture, the Lowland is characterized by a large variety of particle-size classes ranging from light sandy soils to heavy clay soils. The major part of the ESL territory is used for agricultural purposes. 11 sites were selected for soil sampling that account for as many soil types as possible. The situation of sampling sites is shown in Figure 1 . A total of 172 undisturbed soil samples were taken using Kopecky rings with a constant volume of 100 cm 3 . Simultaneously, disturbed soil samples were taken with each soil core for the particle-size analysis. The sampling parameters are shown in Table 2 . Laboratory measurements. The hydrometer measurement method was used to determine the soil texture of the disturbed soil samples in the laboratory. According to the particle-size analysis results, the examined soils were classified into five fractions according to the particle size (2.00-0.25, 0.25-0.05, 0.05-0.01, 0.01-0.001 and < 0.001 mm). Simultaneously, the USDA classification (clay USDA ) was used (sand 2.00-0.05 mm, silt 0.05-0.002 mm and clay < 0.002 mm).
Undisturbed soil samples were weighed after saturation and then slowly dried at 20°C in the laboratory. During the drying process, soil core volumes and masses were measured at irregular intervals. The volume measurement was performed by measuring the soil core height and diameter using a slide caliper, and each dimension was measured twice (in perpendicular directions). Mean values were computed from the heights and diameters of soil cores, and soil core volumes were calculated. The drying time of soil cores at 20°C varied for different soils and lasted from about 3-4 days for sandy soils to about 3-4 weeks for clay soils. Finally, all soil cores were dried up in a laboratory drier at 105°C to a constant weight. Altogether, 1386 volume and weight measurements were taken using 172 soil samples, i.e., an average of about 8 measurements per soil sample were made.
Data analysis. First, volumetric water content of the samples was computed from 1386 measured weight and volume values of the soil samples:
where: Θ -volumetric water content of soil (%) V w -volume of water (m 3 )
Then, the volume changes ΔV (%) were computed as percentage changes in volume compared to the volume of saturated samples. Thus, the dependence of the volume change ΔV on the volumetric water content Θ was obtained for all 172 soils samples. Then, the total data set (172 samples) was divided into two parts according to the soil sample textures. Three quarters of data (129 samples) were used to create dependence models of ΔV on Θ and soil texture. The remaining quarter of data (43 samples) was used to validate the obtained models.
10 mathematical models to compute ΔV in relation to Θ and soil texture were developed. Four models were created by multiple regression and six models were created by polynomial regression in combination with linear, multiple and polynomial regression (Table 3 ). All models as well as the statistical parts of this study were obtained using the Statgraphics Centurion XV software (Ver. 15.1.02, 2006).
RESULTS AND DISCUSSION
Course of dependence of the soil volume changes on volumetric water content changes. The measurement data set (129 samples) was examined to determine the course of dependence of ΔV on Θ. According to the measurement results, the course of this dependence copies the curve, the shape of which is mathematically expressed by the second order polynomial, as follows: ΔV = aΘ 2 + bΘ + c. The typical form of this curve illustrating the sample taken from the site Senné is shown in Figure 2 . This example shows the sample with the highest measured content of the clay component (69.13% clay USDA ), which also showed the highest volume change (ΔV = 46.78%). With the decrease of the clay content in the samples, the value gradually decreased to zero, when the zero volume change was measured on the soil sample (a = b = c = 0 => ΔV = 0).
The clay component content in the examined data set ranged from min 9.89% clay USDA (or 8.78% in fraction I) to max 69.13% clay USDA (or 66.71% in fraction I). The results of the texture analysis of all soil samples are shown in Figure 3 . The Θ values ranged within the interval from 0 to 61.62% and the ΔV value ranged within the interval from 0 to 46.78%.
Mathematical expression of the course of volume changes of soils in relation to soil moisture and clay content. On the basis of the obtained courses of dependence of ΔV on Θ using 129 soil samples, 10 mathematical models were developed to calculate ΔV depending on Θ and soil texture (Table 4 ). All models show a very high degree of correlation as the coefficient of determination values R 2 are within the interval from 0.808 to 0.914. The lowest correlation rate was demonstrated by the models created by multiple regressions (models 1 to 4). The best correlation was obtained with the models created by the combination of two polynomial regressions of the second order (models 9 and 10). The mean absolute error (MAE) values ranged between 2.30 and 3.13%. The MAE values also confirmed the highest accuracy of models 9 and 10 and the lowest accuracy of models 1 to 4. Figure 4 shows the selected models (1, 2, 5, 6, 9 and 10) in the spatial view. Figure 5 shows the correlation coefficients or MAE values for all models when dividing data into three intervals according to the clay USDA content (or fraction I). It applies to all models that the correlation increases with the increase of the clay fraction. The MAE values rise with the increase of the clay fraction.
According to the above results it can be generally stated that from among ten submitted models, model 9 seems to be the most reliable for calculating ΔV in relation to Θ and soil texture. This model is created by the The calibration of models using a quarter of calibration samples (276 measurements on 43 soil samples) is shown in Table 5 and Figure 6 . The calibration confirmed the highest accuracy of model 9 (R 2 = 0.917; MAE = 2.45%).
Comparison of the effect of two clay fractions on the amount of volume changes. Two clay fractions were compared: clay USDA (particle size < 0.002 mm) and fraction I (particle size < 0.001 mm). Three of the examined modules are based on clay USDA (models 1, 5 and 9); and analogically, three models are based on fraction I (models 2, 6 and 10). The comparison results are shown in Figure 7 . In each of the three compared pairs of models, the model based on content of clay USDA proved to be more accurate. Based on the above results, the content of particles < 0.002 mm (clay USDA ) has a larger impact on the soil volume changes than the content of particles < 0.001 mm (fraction I). Thus, in addition to colloidal clay (particles < 0.001 mm), the physical clay particles (particles between 0.001 and 0.002 mm) are partly involved in the volume changes of soils.
The influence of other grain fractions on the amount of volume changes. The results of measur- Figure 8 . The results for models based on the USDA classification (models 1, 3, 5 and 7) are different from the results for models based fractions I to IV (models 2, 4, 6 and 8). In the case of the USDA classification based models, after adding another fraction (silt), their reliability increased only slightly -values R 2 and MAE are almost identical. The situation in fraction I-IV based models is different.
The reliability of models increased remarkably after adding fractions II-IV to fraction I. This difference can be explained by the fact that clay USDA includes the entire soil clay component (colloidal + physical clay), whereas fraction I includes only colloidal clay. By adding fractions II-IV to fraction I, computing includes also physical clay contained in fraction II, which also affects volume changes of soil (as found above).
Based on the above results, it can be stated that the presence of clay particles smaller than 0.002 mm 
CONCLUSIONS
The study presents the mathematical models for computing volume changes of soil on the basis of volumetric water content of and content of selected soil grain fractions. The models were proposed on the basis of laboratory measurements taken on undisturbed soil samples, which included measurements of soil volume changes related to the volumetric water content changes. Altogether, 1386 of individual measurements were taken on 172 undisturbed soil samples collected from 11 sites in the Eastern Slovak Lowland.
From among ten submitted models, the highest accuracy was demonstrated by the models based on the combination of polynomial regressions of the second order. When comparing the influence of two clay fractions (grain size < 0.001 mm and grain size < 0.002 mm) it was found that the fraction with the grain size < 0.002 mm has a larger impact on the soil volume changes. This fraction includes colloidal and physical clay.
The inclusion of particles > 0.002 mm (silt + sand) into the models resulted in either no or only negligible refinement of the soil volume change.
